By means of scanning tunneling microscopy/spectroscopy ͑STM/STS͒, photoelectron spectroscopy, and first-principles calculations, we have studied the bismuth ͑Bi͒ adsorbate-stabilized InSb͑100͒ substrate surface which shows a c͑2 ϫ 6͒ low-energy electron diffraction pattern ͓thus labeled Bi/ InSb͑100͒c͑2 ϫ 6͒ surface͔ and which includes areas with metallic STS curves as well as areas with semiconducting STS curves. The firstprinciples phase diagram of the Bi/InSb͑100͒ surface demonstrates the presence of the Bi-stabilized metallic c͑2 ϫ 6͒ reconstruction and semiconducting ͑4 ϫ 3͒ reconstruction depending on the chemical potentials, in good agreement with STS results. The existence of the metallic c͑2 ϫ 6͒ phase, which does not obey the electron counting model, is attributed to the partial prohibition of the relaxation in the direction perpendicular to dimer rows in the competing reconstructions and the peculiar stability of the Bi-stabilized dimer rows. Based on ͑i͒ first-principles phase diagram, ͑ii͒ STS results, and ͑iii͒ comparison of the measured and calculated STM and photoemission data, we show that the measured Bi/ InSb͑100͒c͑2 ϫ 6͒ surface includes metallic areas with the stable c͑2 ϫ 6͒ atomic structure and semiconducting areas with the stable ͑4 ϫ 3͒ atomic structure.
I. INTRODUCTION
The c͑2 ϫ 6͒ reconstruction commonly appears on the IIISb͑100͒ substrate surfaces in the Sb-rich experimental conditions. The knowledge of the properties of this particular surface structure is important to understand and control ͓e.g., with reflection high-energy electron diffraction ͑RHEED͔͒ the epitaxial growth of III-Sb materials for electronics devices since the growth usually proceeds via the c͑2 ϫ 6͒-reconstructed substrate.
Previous photoemission studies combined with scanning tunneling microscopy ͑STM͒ and RHEED observations have revealed that the chemical compositions of the Sb/ III-Sb͑100͒͑1 ϫ 3͒ and −c͑2 ϫ 6͒ surfaces differ from each other, and two distinct atomic models, shown in Figs. 1͑a͒ and 1͑b͒, have been proposed for them, respectively.
1,2 However, there are indications that the detailed structures of the ͑1 ϫ 3͒ and c͑2 ϫ 6͒ surfaces have remained unresolved. [3] [4] [5] [6] Indeed, structures, shown in Figs. 2͑a͒-2͑e͒, have been recently proposed for them on the basis of high-resolution STM findings and theoretical calculations. 7 Separate total-energy calculations supported these models, 8 which show that the Sb/III-Sb͑100͒ surfaces are, in fact, composed of ͑4 ϫ 3͒ unit cells including mixed III-Sb dimers. Another significant difference is that the models in Figs. 2͑a͒-2͑e͒ obey the electron counting model ͑ECM͒, [9] [10] [11] but those in Figs. 1͑a͒ and 1͑b͒ do not. In passing, the c͑4 ϫ 4͒ model in Fig. 1͑c͒ obeys ECM but that in Fig. 2͑f͒ does not. Therefore, the surfaces described with the models in Figs. 1͑a͒ and 1͑b͒ should be metallic, while the models in Figs. 2͑a͒-2͑e͒ lead to the semiconducting Sb/IIISb͑100͒ reconstructions according to the ECM. 12 Thus, the recent findings of the ͑4 ϫ 3͒ building blocks support the view according to which the tendency for the semiconducting surface structure through the ECM is an important driving force behind the Sb/III-Sb͑100͒ reconstructions. A III-V surface satisfies the ECM if all dangling bonds of the more electropositive element ͑in this case In͒ are empty and all dangling bonds of the more electronegative element ͑Sb͒ are full, which leads to semiconducting state. 11 In addition to the ECM, two other physical factors, which commonly affect the reconstruction formation, are tendencies to decrease the amount of the dangling bonds as well as the electrostatic energy due to the arrangement of the occupied dangling bonds.
In this paper, low-energy electron diffraction ͑LEED͒, STM/scanning tunneling spectroscopy ͑STM/STS͒, and photoemission measurements reveal first that the group-V ele-ment bismuth ͑Bi͒ induces on the InSb͑100͒ substrate the surface reconstruction which produces a clear c͑2 ϫ 6͒ LEED pattern and includes ordered areas with metallic STS currentvoltage ͑I-V͒ curves as well as the areas with semiconducting I-V curves. ͓This measured surface is labeled Bi/ InSb͑100͒c͑2 ϫ 6͒ hereafter.͔ Then careful ab initio totalenergy calculations demonstrate the presence of the Bistabilized metallic c͑2 ϫ 6͒ reconstruction and semiconducting ͑4 ϫ 3͒ reconstruction depending on the chemical potentials and further elucidate the physical mechanisms that stabilize the c͑2 ϫ 6͒ phase, which does not obey the ECM. The total-energy calculations elucidate also the phase diagram of the pure Sb-stabilized InSb͑100͒ surface. Moreover, by combining ͑i͒ first-principles phase diagram, ͑ii͒ STS results, and ͑iii͒ comparison of the measured and calculated STM and photoemission data, we show that the measured Bi/ InSb͑100͒c͑2 ϫ 6͒ surface includes metallic areas with the stable c͑2 ϫ 6͒ atomic structure and also semiconducting areas with the stable ͑4 ϫ 3͒ atomic structure. The knowledge of the Bi/ InSb͑100͒c͑2 ϫ 6͒ surface properties is essential not only for understanding the detailed formation mechanisms of the technologically important c͑2 ϫ 6͒ reconstructions but also for understanding the Bi surfactant-mediated growth of III-V's. 13, 14 The Bi/ InSb͑100͒c͑2 ϫ 6͒ substrate also represents a starting surface to study the growth phenomena of the epitaxial Bi and MnBi films, [15] [16] [17] which both are almost lattice matched to the InSb substrates.
Previously, the ECM breakage has been found at least on the following surfaces: GaSb͑100͒͑n ϫ 5͒, 18 Sb/ GaAs͑111͒͑1 ϫ 3͒, 19 and Bi/ III-V͑100͒͑2 ϫ 1͒. [20] [21] [22] It has been shown that the replacement of some Sb atoms by Ga ones in GaSb͑100͒͑n ϫ 5͒ reconstructions decreases the metallicity and surface energy. 23 Furthermore, the stabilization of Bi/ III-V͑100͒͑2 ϫ 1͒ has been found to arise from the increased interaction in the dimer rows, which was demonstrated by the energy bands and the electron charge-density contours, and from the surface-stress relief. 22 These effects were connected to the geometrical structure of the Bistabilized surfaces. 22 In this point, we would like still to remind the reader of the fact that the considered reconstruction periodicities are sometimes used ambiguously. For example, dependent on the measurement by which the periodicity has been determined ͑e.g., RHEED vs STM͒, the same surface might have been called ͑1 ϫ 3͒ or c͑2 ϫ 6͒. Later, the measurements and calculations have revealed, as described above, that the real reconstruction is ͑4 ϫ 3͒ and not ͑1 ϫ 3͒. Still, sometimes it is talked about the ͑1 ϫ 3͒ reconstruction. The apparent features of the ͑1 ϫ 3͒, c͑2 ϫ 6͒, and ͑4 ϫ 3͒ reconstructions are similar since all of them consist of the dimer rows with the ϫ3 separation. Moreover, it has been recently shown that the ͑1 ϫ 3͒ and c͑2 ϫ 6͒ diffraction patterns from GaSb are due to different types of disorder of the ͑4 ϫ 3͒ units.
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II. EXPERIMENTS
Measurements were done in two separate ultrahighvacuum ͑UHV͒ systems both equipped with LEED and sputtering instruments. STM images were taken in the constant current mode and the current-voltage curves were obtained FIG. 2 . Atomic models for some group-V-rich reconstructions on the III-Sb͑100͒ surfaces, labeled as follows: ͑a͒ ͑4 ϫ 3͒␣, ͑b͒ ͑4 ϫ 3͒␤, ͑c͒ ͑4 ϫ 3͒h0, ͑d͒ ͑4 ϫ 3͒h2, ͑e͒ ͑4 ϫ 3͒h3, and ͑f͒ ͑2 ϫ 3͒h0m. The group-III atoms are shown by black spheres and the group-V atoms by gray spheres. The first-layer atoms are shown by larger spheres than the second-layer atoms. Atoms in deeper layers are not shown.
FIG. 1.
Atomic models for some group-V-rich reconstructions on the III-Sb͑100͒ surfaces, labeled as follows: ͑a͒ ͑1 ϫ 3͒, ͑b͒ c͑2 ϫ 6͒, and ͑c͒ c͑4 ϫ 4͒. The group-III atoms are shown by black spheres and the group-V atoms by gray spheres. The first layer atoms are shown by larger spheres than the second-layer atoms. Atoms in deeper layers are not shown.
by STS mode simultaneously with the topographic measurement of ordered surface areas. Photoemission was done at the MAX laboratory in Sweden ͑the Beamline 41͒ using an angle-resolving analyzer with an acceptance angle of about 2°. The incident-beam angle was 45°relative to the surface. All measurements were done at room temperature ͑RT͒.
InSb͑100͒ substrates were cleaned by the cycles of argonion sputtering ͑1 keV, 10 mA͒ for 0.5 h at the substrate temperature of about 300°C and subsequent heating of the substrate to about 440°C in UHV for 0.5 h. Six cycles were required until a clear c͑8 ϫ 2͒ LEED pattern in Fig. 3͑a͒ was obtained and until the In oxide related emission disappeared in the In 4d core-level spectra. It was also concluded that a density of possible sputtering-induced In droplets on our substrates was not significant, concerning the results shown below, since no emission shoulder from metallic In droplets 25 was seen in our In 4d spectra. Approximately 1.5-monolayerthick Bi layer was deposited on the clean InSb͑100͒c͑8 ϫ 2͒ surface held at RT. Heating this Bi/InSb sample at 200-250°C for 2 h produced a clear c͑2 ϫ 6͒ LEED pattern shown in Fig. 3͑b͒ . When the sample was heated above 250°C, LEED changed to a combined pattern of c͑2 ϫ 6͒ and c͑8 ϫ 2͒. Around 300°C, the 2ϫ spots were so weak that we could not resolve whether it was a ͑1 ϫ 3͒ or c͑2 ϫ 6͒ pattern combined with the c͑8 ϫ 2͒. Temperatures were measured by a pyrometer.
III. CALCULATIONS
Theoretical calculations were performed using the ab initio density-functional total-energy code with the localdensity approximation ͑LDA͒. 26, 27 The approach is based on plane-wave basis and projector augmented wave method 28, 29 ͓Vienna ab initio simulation package, ͑VASP͔͒. [30] [31] [32] [33] The reconstructions in Figs. 1 and 2 were simulated by ͑4 ϫ 3͒ and ͑2 ϫ 6͒ slabs, including 16 atomic layers and treating the d electrons as core electrons. The dangling bonds of the bottom surface In atoms were passivated by pseudohydrogen atoms ͑Z = 1.25͒. Theoretical LDA lattice constants ͑4.29 Å for GaSb and 4.58 Å for InSb͒ were used in most of the calculations, and two bottom atomic layers of the slabs were fixed to the ideal bulk positions. Other atoms, including the pseudohydrogen atoms, were relaxed until the remaining forces were less than 20 meV/ Å. The energy cutoff was 250 eV. The number of k points in the surface Brillouin zone was 12 ͓9 and 16 for c͑4 ϫ 4͔͒. The k-point sampling was performed by the Monkhorst-Pack scheme 34 with the origin shifted to the ⌫ point. Our tests showed that these parameters lead to accurate surface energies. The estimated errors in the relative surface energies are of the order of meV/ ͑1 ϫ 1͒ area. Surface core-level shifts ͑SCLSs͒ were calculated within the initial state model. 35, 36 The formed surface structure depends on the deposition conditions. The relative stabilities of the considered reconstructions can be determined by the surface free energy and the chemical potentials ͑ i ͒ of the surface constituents ͑i =Bi,In,Sb͒. 37, 38 The surface energy ␥ is calculated by
where n i denotes the number of atoms of type i in the unit cell, the InSb is the chemical potential for the InSb compound, and the E tot is the total energy of the unit cell. The chemical potentials depend on the deposition conditions, and the In and Sb are connected to each other by
The chemical potentials for the bulk structures were calculated by using orthorhombic 39 ͑Ga͒, tetragonal ͑In͒, and rhombohedral ͑Bi, Sb͒ unit cells.
IV. RESULTS AND DISCUSSION
The two uppermost atomic layers of the most of the surface structures considered in this study ͓͑1 ϫ 3͒, ͑2 ϫ 6͒, ͑4 ϫ 3͒, and ͑4 ϫ 4͒ periodicities͔ consist generally of the group V ͑more electronegative͒ atoms. However, in considered structures some group V atoms in the first atomic layer are replaced by the group III atoms ͑the atomic layers below the two uppermost layers conform to the ideal zincblende structure͒. Figure 4͑a͒ shows the present theoretical surface phase diagram for the GaSb͑100͒ surface. It should be noted that the features of this phase diagram are in a very good agreement with the previous calculations 8 and measurements. 7 Similar surface phase diagram is shown for the InSb͑100͒ surface in Fig. 4͑b͒ , which has not been reported earlier to our knowledge. It describes well the previous experimental findings of the ͑4 ϫ 3͒ and c͑8 ϫ 2͒ reconstructions on the Sb/InSb͑100͒. 5 It is also worth noting that the c͑8 ϫ 2͒ phase is much more stable on the InSb͑100͒ than on the GaSb͑100͒ one ͑Fig. 4͒. This agrees very well with experiments which show that the c͑8 ϫ 2͒ reconstruction easily forms on the InSb͑100͒ but not on the GaSb͑100͒ surface. To our best knowledge, there is no experimental report on the GaSb͑100͒c͑8 ϫ 2͒ formation. The Sb/ InSb͑100͒c͑4 ϫ 4͒ reconstruction appears in experiments, 5 although it is not energetically stable. This can be understood due to finite temperature and configurational entropy, as we show below. The ͑1 ϫ 3͒ reconstruction in Fig. 1͑a͒ is so unstable that it is not included in Figs. 4͑a͒ and 4͑b͒.
The diagrams present the relative stabilities of various reconstructions ͑labeling is borrowed from Ref. 8͒. Therefore, it is interesting that the so-called surface reconstruction parameter ͑SRP͒ model explains correctly most of the rela- tive stabilities. 41 In this model the surface stabilities are controlled by the amount of anion dangling bonds, anion homodimers, and cation homodimers. In the anion rich ͑AR͒ and cation rich ͑CR͒ conditions the SRP is obtained by following equations:
where N a is the number of anion dangling bonds ͑cation dangling bonds are empty͒, N a-a is the number of anion dimers, and N c-c is the number of cation dimers. One should note that in the equations above "dimer" means any bond, in which two anion atoms or two cation atoms are connected. The relative surface energies and values for the SPR in the anion rich and cation rich conditions are shown in Table I . The anion rich and cation rich conditions correspond to the limits of the III in the surface phase diagrams ͑Fig. 4͒. The smaller the SRP, the smaller the surface energy should be. One interesting exception from the trend predicted by the SRP is the energy difference between the ͑4 ϫ 3͒h0 and c͑2 ϫ 6͒ phases ͑"h0" means that there are not any heterodimers͒. It is interesting to compare these reconstructions, because they include only Sb-Sb dimers. The GaSb͑100͒ surface stabilizes the ͑4 ϫ 3͒h0 compared to the c͑2 ϫ 6͒, whereas the opposite is true on the InSb͑100͒ surface as can be noted from Fig. 4 . We tested, whether this is due to the larger substrate lattice parameter of InSb by calculating relative stabilities for GaSb by using the InSb lattice parameter. These tests also showed that this is indeed the case, because the energy difference does not depend on the chosen III cation type, if the lattice parameter is kept fixed. ͑We note that resulting inward relaxation for the GaSb with InSb lattice parameter is similar for all reconstructions, and therefore one can compare the relative stabilities to the corresponding ones for the real GaSb and InSb surfaces.͒ Another reconstruction, so-called ͑2 ϫ 3͒h0m, is introduced in Fig. 2͑f͒ to facilitate the comparison. In this reconstruction the first layer Sb-Sb dimers form the straight lines as in the c͑2 ϫ 6͒. However, FIG. 4 . Surface phase diagrams for ͑a͒ the pure Sb/GaSb͑100͒ surface and ͑b͒ the pure Sb/InSb͑100͒ surface. ͑a͒ The point Ga = 0 eV is the Ga-rich end, and the point Ga = −0.26 eV is the Sb-rich end. ͑b͒ The point In = 0 eV is the In-rich end and the point In = −0.18 eV is the Sb-rich end. The ͑4 ϫ 3͒␥ denotes the ͑4 ϫ 3͒h0 with oblique translation vectors ͑Ref. 7͒ and the c͑8 ϫ 2͒ denotes the model ͑Ref. 40͒. the second-layer Sb-Sb dimers do not allow centered unit cell in difference to the c͑2 ϫ 6͒. This ͑2 ϫ 3͒h0m reconstruction is also metallic ͑"m" stands for metallic͒, and therefore it should not be stable according to the ECM. Total energy for the ͑2 ϫ 3͒h0m is almost the same as for the c͑2 ϫ 6͒ of the Sb/GaSb and Sb/InSb ͓ϳ1 meV/ ͑1 ϫ 1͒ area less stable͔. It is noted that the average first-layer Sb-Sb dimer bond length is shorther in the ͑2 ϫ 3͒h0m reconstruction ͑2.85 Å on GaSb and 2.87 Å on InSb͒ than in the ͑4 ϫ 3͒h0 reconstruction ͑2.90 Å on GaSb and InSb͒. This is probably due to the mutual interaction of dimers in the dimer rows in the ͑2 ϫ 3͒h0m reconstruction. If one of the dimers is removed, the average dimer bond length is increased to 2.93 Å. Even if the new dangling bonds were passivated, the dimer bond lengths are larger ͑2.90 Å͒ than in the original ͑2 ϫ 3͒h0m reconstruction. This relatively strong interaction in the dimer rows probably stabilizes the ͑2 ϫ 3͒h0m and ͑2 ϫ 6͒ reconstructions. However, the violation of the ECM destabilizes these surfaces. We performed constrained calculations to analyze the situation further. All atoms were allowed to relax from the ideal ͑bulk͒ positions in the ͓100͔ direction ͑except the fixed ones at the bottom surface͒. However, the positions in the ͓011͔ and ͓011͔ directions were constrained. In the first step only the first-and second-layer Sb dimer atoms were allowed to relax. Then the rest of the first-and secondlayer atoms were allowed to relax only in the ͓011͔ direction or ͓011͔ direction. Finally, all the first-and second-layer atoms were allowed to fully relax. Results are shown in Table  II . First, one can note that the relative-energy differences of the considered structures obtained by allowing full relaxation only in the two topmost atomic layers agree well with the corresponding ones obtained by the fully relaxed systems. The energy of the ͑2 ϫ 3͒h0m reconstruction is not decreased by allowing relaxation in the ͓011͔ direction, which is due to the nonexistence of the holes in the dimer rows. On the other hand, the relaxation in the ͓011͔ direction decreases significantly the energy of the ͑4 ϫ 3͒h0 reconstruction. However, the relaxation in the ͓011͔ direction becomes more important for the ͑4 ϫ 3͒h0 as well, when the substrate is changed from GaSb to InSb. The atomic shifts from the ideal positions in the ͓011͔ direction for the second-layer Sb atoms ͓see Fig.  2͑a͔͒ in the dimer rows are shown in Table III . It is realized that these shifts are much larger on the InSb surface. However, the shifts are strongly decreased for some atoms in the ͑4 ϫ 3͒h0 reconstruction due to the dimer, which is displaced from the dimer row. We conclude that when the substrate lattice parameter is increased, it becomes energetically more favorable for the surface to shrink in the dimer rows. However, the displaced dimer in the ͑4 ϫ 3͒h0 reconstruction restricts this relaxation destabilizing the surface. This phenomenon is basically the same for all semiconducting ͑4 ϫ 3͒ reconstructions thus explaining the increased stability of the metallic c͑2 ϫ 6͒ and ͑2 ϫ 3͒h0m reconstructions.
The energy differences are, however, quite small in the anion rich conditions on the Sb/InSb surfaces as one can note from Fig. 4͑b͒ . The situation is different for the Bi/InSb surface as shown in Figs. 5͑a͒ and 5͑b͒ . The end numbering of the model with "2" means that Bi atoms occupy the group-V sites in the two topmost layers ͑otherwise, there is only one layer of Bi͒. One should note that for clarity and comparison with Fig. 4 , the total energies for the reconstructions with two Bi layers on top are not shown in Fig. 5͑a͒ . However, they are quite unstable and do not change the relative stabilities close to the ground state in Sb-rich conditions. In In-rich conditions their role gets rapidly smaller as the chemical potential of Bi is decreased ͓around Bi − Bi,bulk = −0.05 eV only total energy for the ͑4 ϫ 3͒␣-2 is significantly lower than that of the ͑4 ϫ 3͒␣͔.
One should note that the Bi-induced c͑2 ϫ 6͒ reconstruction has a large stability area and the energy differences are larger for the Bi/InSb surface ͓The ͑2 ϫ 3͒h0m reconstruction ͑not shown͒ is slightly less stable, about 5 meV per ͑1 ϫ 1͒ surface area͔. However, the energy differences are still rather small. Therefore, we recalculated the surface phase diagram for the Bi/InSb surface by using the generalized gradient approximation ͑GGA͒. The resulting phase diagram is quite similar to that obtained by the LDA ͓͑4 ϫ 3͒␣ and ͑4 ϫ 3͒h3 structures are destabilized more notably, but qualitatively all features are the same͔. Especially, the c͑2 ϫ 6͒ reconstruction is found to be the ground state also within the GGA ͑Ref. 42͒ ͑a = 4.70 Å͒. Because the energy differences are small between various reconstructions, we also estimate the effect of finite temperature by including configurational entropy according to the model in the Ref. 43 in the Sb-and Bi-rich conditions. The statistical probability c i of a particular reconstruction i is obtained as: TABLE II. Relative surface energies ͓eV/ ͑1 ϫ 1͒ area͔ for the ͑4 ϫ 3͒h0 and ͑2 ϫ 3͒h0m reconstructions. First row corresponds to the fully relaxed case. In the second row only the dimers are allowed to relax parallel to surface. Next, the rest of the first-and second-layer atoms are allowed additionally relax either in the ͓011͔ direction or in the ͓011͔ direction. In the last case all the firstand second-layer atoms are allowed to fully relax. Note that the relative contributions of the relaxations in the ͓011͔ and ͓011͔ directions to the total energy of the ͑4 ϫ 3͒h0 reconstruction depend on the substrate. 
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where the Z is the partition function, which is defined independently for each unit cell of area A, ␥ i 0 is the surface energy at 0 K, and g i is a symmetry-determined degeneracy factor. The set of structures S includes all structures represented in Fig. 5͑a͒ and additionally all such structures, in which the first layer dimer shifted from the dimer row ͑i.e., the dimer in the upper left corner in Fig. 2͒ does not include a group III ͑Ga, In͒ atom. We also calculated structures, in which the atoms in heterodimers are interchanged, but these structures are very unstable, and therefore they contribute to the partition function Z only marginally. The statistical probability for the metallic phases c͑2 ϫ 6͒ and ͑2 ϫ 3͒h0m are about 0.17 ͑17%͒ and 0.14 ͑14%͒ at 300 K ͑around the measuring temperature͒, respectively, and about 0.11 ͑11%͒ and 0.10 ͑10%͒ at 500 K ͑around the heating temperature͒. The probability of the c͑2 ϫ 6͒ is largest at 300 K, whereas the probability of the ͑4 ϫ 3͒h2 reconstruction is largest at 500 K. The energy associated in the phase boundaries can change these results to a some extent. However, our tests ͓performed by ͑8 ϫ 3͒ cells͔ showed that these energies are only of the order of some millielectron volts per ͑1 ϫ 1͒ area. These results are in accordance with the results of Ref. 44 , in which it was shown that the energies associated with phase boundaries due to disorder are small for the GaSb͑100͒͑4 ϫ 3͒ reconstructions. The probability of the metallic phases is probably larger within the GGA due to the destabilization of several phases. However, the probability of the semiconducting phases is still remarkable. Although the above values are not considered as quantitative results, it is concluded that it is probable to find different phases in measurements. As noted in the introduction, the disorder of the ͑4 ϫ 3͒ building blocks leads to the c͑2 ϫ 6͒ diffraction pattern for the GaSb. 24 We suppose that this is true also for the Bi/InSb and that the unordered pattern of the c͑2 ϫ 6͒ and ͑2 ϫ 3͒h0m can also lead to the c͑2 ϫ 6͒ diffraction pattern. The probability of the c͑4 ϫ 4͒ is only 7 -8 % depending on the considered temperature ͑300-500 K͒.
We recall that the exceptional stability of the ͑2 ϫ 1͒ reconstruction on the Bi/GaAs͑100͒ and Bi/InP͑100͒ surfaces was recently connected to the pseudogap formation and surface-stress relief. These effects were connected to the particular surface geometry due to the Bi atom size ͑e.g., the angle between the backbonds is rather small for the Bistabilized surfaces͒. 21, 22 Although the metallicity induces states in the energy gap, relative stability compared to other reconstructions is achieved by pushing a rather dispersionless occupied state dominantly of the Bi character deeper from the Fermi level in the direction of dimer rows in k space. Electronic charge-density contours show increased interaction in the dimer rows. 22 For the Bi-stabilized and Sbstabilized c͑2 ϫ 6͒ reconstructions it is hard to find significant differences in the density of states. However, the dimer length is larger and the backbond angles are smaller for the Bi-stabilized surfaces than for the Sb-stabilized surfaces as in the case of the V / GaAs͑100͒͑2 ϫ 1͒ surfaces ͑V =As,Sb,Bi͒. Therefore, it is probable that the bonding configuration increases also the stabilization of the more complex metallic c͑2 ϫ 6͒ and ͑2 ϫ 3͒h0m reconstructions on the Bi/InSb͑100͒ surface, because these reconstructions include also dimer rows. Below, it is shown that the coexistence of the energetically stable structures explain the measurements of the Bi/ InSb͑100͒c͑2 ϫ 6͒ surface.
The measured I-V curves in Fig. 6͑a͒ show that both metallic and semiconducting areas appear on the Bi/ InSb͑100͒c͑2 ϫ 6͒ surface. The presented I-V curves are average curves of grid-point measurements over wellordered areas of the topographic image, which was measured at the same time as the I-V curves. It is worth noting that different set-point voltages and STM tips produced the same results as shown in Fig. 6 . Thus, these STS results showing the presence of metallic Bi/ InSb͑100͒c͑2 ϫ 6͒ areas give a strong evidence for the violation of the ECM, since a metallic III-V reconstruction never obeys the ECM. The occurrence of both the metallic and semiconducting areas can be understood with the formation of areas with the c͑2 ϫ 6͒ or ͑2 ϫ 3͒h0m structure and areas with the ͑4 ϫ 3͒ structures. The valence-band spectra near the Fermi level in Fig. 6͑b͒ support the existence of metallic areas on the Bi/ InSb͑100͒c͑2 ϫ 6͒ surface because it produces a small photoemission signal from the Fermi level, as compared to the semiconducting InSb͑100͒c͑8 ϫ 2͒ substrate. In passing, Bi might be a useful surfactant for the epitaxial growth of III-Sb materials since the metallic Bi-stabilized c͑2 ϫ 6͒ growth front of III-Sb substrates can be expected to lead to an increase in the III-atom diffusion on the growing surface and, therefore, to improved III-Sb layers. 45 Figure 7 presents measured STM images of the Bi/ InSb͑100͒c͑2 ϫ 6͒ surface as well as the calculated images for the ͑1 ϫ 3͒, c͑2 ϫ 6͒-2, ͑4 ϫ 3͒␣-2, and ͑4 ϫ 3͒␤-2 structures. The ͑4 ϫ 3͒␣ and ͑4 ϫ 3͒␤ phases represent different possible ͑4 ϫ 3͒ configurations. The calculated images for the structures, where Bi atoms occupy only the topmost sites and Sb atoms occupy the second-layer sites, are very similar to those shown in Fig. 7 . The measured filled-state STM images are presented in Figs. 7͑a͒-7͑c͒ and empty-state image in Fig. 7͑d͒ while the calculated filled-state and emptystate images are shown, respectively, in Figs. 7͑e͒-7͑l͒ . The comparison of the measured and calculated STM results reveals that the measured surface includes areas, which agree better with the c͑2 ϫ 6͒ model than with the other ones, due to the following reasons. First, the c͑2 ϫ 6͒ model is more suitable than the ͑1 ϫ 3͒ one since in dual-polarity measurements ͑not shown͒, the white rows were found to be aligned in the filled-and empty-state images and since two gray protrusion lines of the simulated ͑1 ϫ 3͒ empty-state image are not seen between the white rows in Fig. 7͑d͒ . Second, the ͑d͒ Measured empty-state image; I = 0.07 nA and V = 1.00 V. ͑e͒-͑h͒ Calculated filled-state STM images ͑1.00 V͒ for the ͑1 ϫ 3͒, c͑2 ϫ 6͒-2, ͑4 ϫ 3͒␣-2, and ͑4 ϫ 3͒␤-2 structures. ͑i͒-͑l͒ Calculated empty-state STM images ͑1.00 V͒ for the ͑1 ϫ 3͒, c͑2 ϫ 6͒-2, ͑4 ϫ 3͒␣-2, and ͑4 ϫ 3͒␤-2 structures. ͑m͒-͑o͒ Calculated filled-state contours between the white rows for the c͑2 ϫ 6͒-2, ͑4 ϫ 3͒␣-2, and ͑4 ϫ 3͒␤-2 structures. c͑2 ϫ 6͒ structure agrees better with Figs. 7͑b͒-7͑d͒ than the ͑4 ϫ 3͒␣ model since in the filled-state measurements, only a single centered line of gray features is seen between the white rows and since the clear 4ϫ kinks of the ͑4 ϫ 3͒␣ phase in the empty-state image are not seen in the measured image of Fig. 7͑d͒ . Third, the calculated c͑2 ϫ 6͒ images agree with the measurements better than the ͑4 ϫ 3͒␤ images since the apparent 4ϫ kinks of the simulated ͑4 ϫ 3͒␤ images in the both filled and empty states are not seen in Figs. 7͑c͒ and 7͑d͒. It should be noted that the width of the white rows appears to depend on the measurement current, as seen in Figs. 7͑b͒ and 7͑c͒ , and therefore it cannot be used as a proper criterion. Finally, the line profile below the image of Fig. 7͑b͒ , which is taken along the black arrow between the white rows in the measured image, further supports the presence of the c͑2 ϫ 6͒ areas since the profile shows the 2ϫ periodicity that is inconsistent with the ͑1 ϫ 3͒ and ͑4 ϫ 3͒ phases, as can be deduced from the simulated contours in Figs. 7͑m͒-7͑o͒ . The distance between the peaks in Fig. 7͑b͒ is about 0.8 nm, which is much closer to the theoretical value for the c͑2 ϫ 6͒ structure ͑0.9 nm͒ than to that of the ͑4 ϫ 3͒␣ and ͑4 ϫ 3͒␤ structures ͑0.45 nm͒. Due to the limited measurement resolution, individual peaks of the dimer atoms cannot be seen in the measured line profile. Our STM observations ͓e.g., Figs. 7͑a͒ and 7͑b͔͒ clearly show that the measured surfaces are not uniform, and cannot be described only with the c͑2 ϫ 6͒ phase ͓i.e., the presence of the other phases is not excluded͔, in agreement with the above STS findings and the SCLS results below. It is also worth noting that the c͑2 ϫ 6͒ LEED found above does not exclude the presence of ͑4 ϫ 3͒ areas too since the recent findings show that the ͑1 ϫ 3͒ and c͑2 ϫ 6͒ patterns can arise from different types of disorder of the ͑4 ϫ 3͒ units. 24 The measured Bi 5d, Sb 4d, and In 4d spectra of the Bi/ InSb͑100͒c͑2 ϫ 6͒ surface were fitted by means of the minimum number of the components. Thus, in the comparison of measured and calculated SCLSs below, an important criterion is that the calculated maximum and minimum SCLSs agree reasonably with the measured SCLSs since the smaller shifts are most likely unresolved in the experiments. On the other hand, the absence of the smaller SCLSs in the measurements of course does not exclude the presence of the phases producing only the smaller shifts. In the case of the Bi 5d shifts, the separation between different components is a reasonable criterion since the 0 eV references for the measured and calculated Bi shifts are not aligned. The resulted fittings show that both the Sb 4d and In 4d spectra in Fig. 8 include at least two SCLSs, and the Bi 5d 5/2 emission in Fig.  9 includes at least three different components. The Gaussian widths of the Bi peaks were larger than those of the Sb and In peaks, reflecting an expected increase in inhomogeneity in the bonding environment of the Bi adsorbate atoms, as compared to the Sb and In bonding environments. The previous Sb 4d SCLS studies for the Sb/ GaSb͑100͒c͑2 ϫ 6͒ surface have revealed two different bonding sites for the group-V atoms in this surface structure. 1, 2 We propose that a third Sb SCLS was not resolved previously due to the presence of the bulk emission, which usually hinders resolving SCLSs. Taking into account possible errors in the former and present fitting procedures, the separation of the two Sb SCLSs ͑about 0.87 eV͒ 2 is in a reasonable agreement with the separation ͑0.63 eV͒ between the Bi components S3 and S1 in Fig. 9 . Therefore, it appears that the S2-like component was not resolved previously on the Sb/ GaSb͑100͒c͑2 ϫ 6͒.
The comparison between the calculated and measured SCLSs in Table IV shows that none of the models alone describes the all measured SCLSs well, which supports the coexistence of two or more phases on the Bi/ InSb͑100͒c͑2 ϫ 6͒ surface measured. The two-phase combinations of c͑2 ϫ 6͒ and c͑2 ϫ 6͒-2 as well as of ͑4 ϫ 3͒␣ and ͑4 ϫ 3͒␣-2 do not improve much the agreement between the calculated and measured SCLSs. Note that in the combination of ͑4 ϫ 3͒␣ and ͑4 ϫ 3͒␣-2, the separation of the calculated Bi shifts increases to 0.99 eV. In contrast, the SCLSs of the c͑2 ϫ 6͒ and ͑4 ϫ 3͒␣ phases complete each other better and together they improve the agreement with the measurements and calculations. The comparison of the calculated and measured SCLSs also indicates that the Bi atoms appear in both the first ͑top-most͒ and second layers. Furthermore, the atomic origins of the Bi shifts S1, S2, and S3 are studied by means of the calculations. In the c͑2 ϫ 6͒-2 structure, the calculated Bi shifts −0.29, −0.06, and +0.11 eV arise, respectively, from the dimers in the second layer, from the second-layer Bi atoms below the topmost dimers, and from the topmost dimer. In the ͑4 ϫ 3͒␣ structure, the shifts 0, +0.17, and +0.34 eV are caused by the topmost dimers in the 4ϫ kink site, in the site next to the kink, and in the middle of the three-dimer stack, respectively. For the ͑4 ϫ 3͒␣-2 structure, the origins of three highest BE shifts are similar to those of the ͑4 ϫ 3͒␣, and the lower BE shifts −0.31, −0.37, −0.53, and −0.65 eV all arise from the second-layer atoms, respectively, in the sites below the middle dimers, in the dimer sites, in the corner sites of the dimer stack, and in the sites below the kink dimer. Combining these origins, we propose that the highest BE shift S3 arises from the topmost Bi dimers ͑excluding the 4ϫ kink dimers͒, the middle shift S2 is caused by the kink dimers and a part of the second-layer Bi atoms below the topmost dimers, and that the lowest BE shift S1 is caused by the second-layer dimers and the other second-layer Bi atoms below the dimers.
V. CONCLUSIONS
The first-principles phase diagrams clearly demonstrate that the metallic c͑2 ϫ 6͒ structure is stabilized in relation to the other phases, when the substrate lattice constant is increased ͑GaSb→ InSb͒. This stabilization is attributed to the partial prohibition of the relaxation in the direction perpendicular to dimer rows in the competing reconstructions. The addition of Bi to the surface stabilizes further the metallic c͑2 ϫ 6͒ reconstruction, which is due to the particular stability of the Bi dimer rows. In addition to our former results of the ͑2 ϫ 1͒ reconstruction on the Bi/GaAs͑100͒ and Bi/ InP͑100͒ surfaces, 21, 22 the present finding is a further example of the Bi-stabilized surface reconstruction, which does not obey the ECM. The former result was for the Ga-͑or In-͒ rich conditions, whereas the present result is particularly for the Sb-rich conditions. Our findings are in accordance with those of Chuasiripattana and Srivastava, 12 who attributed the metastability of the c͑2 ϫ 6͒ reconstruction on the GaSb͑100͒ surface to the significant elastic deformation in the top atomic layers of the surface. It is somewhat surprising that the ECM is not obeyed on the Bi-stabilized surface. On the other hand, one has to remember that the induced density of states at Fermi level is very low, and therefore it can be compensated.
These theoretical results explain our experimental findings well. First of all, the energetic stability of the metallic c͑2 ϫ 6͒ phase agrees with the STS and photoemission measurements that give a strong evidence for the existence of metallic reconstruction on the Bi/ InSb͑100͒c͑2 ϫ 6͒ sample. The comparison of the calculated and measured STM results supports the occurrence of areas with the c͑2 ϫ 6͒ atomic structure. The STM and STS measurements show that the atomic structure of the Bi/ InSb͑100͒c͑2 ϫ 6͒ sample is not uniform and that the measured surface also includes semiconducting areas, which can be understood by the coexistence of areas with the stable metallic c͑2 ϫ 6͒ structure and areas with the stable semiconducting ͑4 ϫ 3͒ structure. This is supported by the first-principles phase diagram and by the comparison of the calculated and measured photoelectron BE shifts. The atomic origins have been proposed for the Bi 5d SCLSs of the Bi/ InSb͑100͒c͑2 ϫ 6͒ surface. TABLE IV. Measured surface core-level shifts ͑eV͒ and calculated ones ͑by VASP ab initio code͒ for the energetically stable structures of the Bi/InSb͑100͒ surface within the initial-state model. Negative value indicates smaller binding energy ͑BE͒ as compared to the 0 eV reference, which is the bulk BE for the In 4d and Sb 4d levels. For the calculated Bi 5d shifts, the topmost dimer in the 4ϫ kink site of the ͑4 ϫ 3͒␣ phase is taken as the 0 eV reference. In contrast, the measured Bi spectrum has been aligned by setting S2 at 0 eV. Because the 0 eV references for the measured and calculated Bi shifts are not aligned, the energy separation of different Bi shifts rather than individual shifts should be compared. Calculated shifts smaller than 0.05 eV are not listed. 
